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SYNOPSIS 
Twelve fatigue specimens (and one static specimen) were tested 
to determine the effect upon the fatigue life of the joints of omitting 
the washers from the bolt assembly.. All specimens 1vere four-bolt) double-
lap} shear-type joints with the outside plates critical. 
On the basis of these and other test results) it appears that 
the fatigue lives of properly bolted (A325) joints assembled without 
hardened washers are generally as great as those of joints assembled 
wi th w"ashers. 
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I. INTRODUCTION 
1. Use of High-Strength Bolts 
For a decade after its adoption as a structural fastener, the 
high-strength bolt assembly included a bolt, a heavy nut and two hardened 
washers. The washers servedpcimarily three purposes: (1) to protect the 
outer surfaces of the connected material from damage or galling as the 
bolt or nut was torqued or turned; (2) to assist in maintaining the high 
clamping force in the bolt; and (3) to provide surfaces of consistent 
hardnesses so that fairly dependable relationships between torque and 
tension could be established for the various bolts and bolt diameterso 
On the basis of recent work(l)* at the University of Illinois, 
it was found that under certain conditions one of the hardened washers 
could be omitted. The conditions necessary for omission of the washer 
depend on the types of bolts and nuts used and the element being 
tightened, and are described in the specifications(2) for structural 
** joints assembled with A325 bolts. 
Most of the early methods used to develop proper tension in high-
strength bolts made use of the relationship between applied torgue and 
bolt tension. However, during the past several years erectors and engineers 
have developed and used methods of bolt tightening which are independent of 
* Numbers in parentheses refer to works from the list of References. 
** At the time of the preparation of this report, a revision of the Research 
Council Specifications is being considered. It is expected that this 
revision will become effective in 1962. 
l~e:t' erence Hoo!! 
of Illinois 
NCEL 2 
Romine street 
Illinois 61801 
the load-torque relationship 0 The reason for this change in methods was 
the desire for a simpler and possibly more accurate means of tightening 
the bolts. The objections sometimes offered to the use of torque as a 
basis for determining bolt load relate to method dependability (because 
of differences in thread fit; thread cleanliness and condition, rust J 
etc.), resulting variations in bolt tensions throughout the joints) and 
inefficient use of impact wrencheso 
A preliminary stUdy(3) at the University of Illinois) and an 
investigation of Drew(4) at the Association of American Railroads) led to 
a turn-of-the-nut method for tightening bolts. This method has provided a 
means of obtaining at least the required minimum bolt tension without 
reliance upon any predetermined or average torque. In the turn-of-the-nut 
method the bolt is tightened to, or above, the required minimum tension 
by turning the nut or bolt a prescribed number of turns from either a 
II finger-tightll position or a tf snug" posi tiono The I' finger-tight" position 
is the position to which the nut can be tightened by turning the nut by 
hand after the joint has been drawn together with fitting-up bolts; this 
is usually followed by one complete (3600 ) turn of the nut or bolt.. The 
lisnugll position is the point in the tightening of the bolt at which the 
impact wrench ceases to run freely and begins to impact fully; from the 
!Isnug" position the bolt or nut is usually given approximately one-half 
(1800 ) turn (or more, depending on grip and other factors) to the fully 
tightened positiono It has been found that the turn-of-the-nut method 
provides the desired clamping in the bolts in a very simple manner and 
permits effective use of an impact wrencho However, joints with warped, 
heavy, or many plies of material may require that the bolts be Htouched 
Uplf to insure full bolt load in all the bolts.. A more detailed discussion 
of the turn-of-the-nut method as used by some fabricators was recently 
presented by Ball and Higgins,,(5) 
2~ Object and Scope of Investigation 
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As a result of the work mentioned above" the question was raised 
as to whether both hardened washers could be eliminated without introducing 
detrimental effects when bolts in shear-type joints are tightened by a 
turn-of-the-nut methodo The purpose of the investigation reported herein 
was to determine the effect, if any" of the elimination of ,vashers on the 
fatigue behavior of shear-type bolted joints. The fatigue behavior of 
these joints is compared to that of bolted joints with washers and,an 
effort is also made to determine the loss in bolt tension during the 
fatigue test. 
In order to minimize the number of tests in the program, the 
specimens were designed for the most severe conditions probable in the 
field~ oversized holes) minimum clamping ,force in the bolts, and higher 
than normal bearing stress under the bolt head and nut 0 To accomplish 
this, the bolt holes vJ'ere drilled 1/8 inch larger in diameter than the 
nominal diameter of the bolt to simUlate considerable field reaming, and 
regular series hexagon bolts with· finished hexagon nuts were used to give 
an unusually high bearing stress at the plate surfaces underneath the bolt 
heads and nuts.. Specimens with successively le'sssevere geometries were 
to be tested, if necessary, to find the conditions required to produce 
fatigue lives comparable to those obtained with joints having two hardened 
washers for each bolt.. However, only the most severe specimen geometries 
had to be tested to meet tOis requirement; consequently, the test program 
consisted of twelve fatigue specimens and one static specimen 0 
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II. DESCRIPTION OF SPECIMENS AND TESTS 
30 Materials and Specimens 
All plates used in the specimen fabri:cation were ASTM designation 
A7 structural grade steel. The plate surfaces were left in the as-rolled 
condition; however, in some cases these surfaces were rusted and sli.ghtly 
pi.tted from being stored outside. Before being used, the plates were wire 
brushed to remove any loose material and the contact surfaces of the joint 
were cleaned with solvent in an attempt to remove any cutting-oil remaining 
from the hole-drilling operation. 
The bolts met the hardness and ultimate strength requirement of 
ASTM A325 for regular semifinished hexagon bolts, as shown. in Table 10 In 
general, the hardness tended to be on the high side of the allowable 
Rockwell C range. 
The nut material varied in hardness' from a Rockwell C of 26 for 
* the 3/4 in. 2H finished hexagon nuts to a Rockwell B of 82-84 for the 5/8 
in. heavy semifinished hexagon nuts. 
All the specimens were double-lap} butt-type jOints, fastened 
with four high-strength bolts arranged in a square pattern. The specimen 
details are shown in Fig. 1. All specimens were joined with 3/4 ino bolts 
except one specimen which had 5/8 in. fasteners. The holes were match -
drilled 1/8 in. larger in diameter for the 3/4 ino bolts and 1/16 in. 
larger in diameter for the 5/8 in. bolts. During specimen assembly only 
the nuts were turned. 
All fatigue specimens were designed with the outside plates 
critical (the outside plates having a higher nominal stress than the 
* These nuts were from stock available at the laboratory and procured 
prior to the 1958 changes in A325 'nut proof loado 
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center plate) .. * The nominal tension-to-shear ratio of all except one 
specimen was 1.0 to 0.80. The exception had a tension-to-shear ratio 
of 1.0 to 1 .. 25. 
As indicated in Table 2, the fatigue specimens were divided into 
four series. The bolts in series A and C were tightened by the following 
turn-of-the-nut method: for series A "snug tl position was selected as 5000 
Ibs 0 and for specimen Cl It snugtl was taken as 100 ft-lbs" torque; from the 
Ifsnugfl position the bolts were given one-half turn to the fully tightened 
position. The bolts in series Band D were tighteQed to approximately 
28,400 lb., the minimum bolt tension permitted by the specificationso(2) 
4. Testing Equipment 
The fatigue tests were carried out in the 200,000 lb. University 
of Illinois fatigue machines. The load was applied at the rate of approxi-
mately 200 cycles per minute to all specimens except Specimens D3, D4, 
and D50 These latter specimens were tested at a loading rate of 100 cycles 
per minute to reduce the tendency for pounding which had developed in the 
second series D specimen. The machines and their operation are fully 
described in a University of Illinois.Bulletin.(6) 
5. Instrumentation 
"First row slip" was measured on both edges of all specimens by 
means of mechanical dials as indicated in Fig. 2.. This If first row slip" 
is the relative movement which takes place between the center plate and 
* The tension-to-shear ratio is taken as the ratio of the shear stress on 
the nominal cross sectional area of the bolt to the net section tensile 
stress. The tensile area used in the calculations for Il nominal" T:S 
ratio in this report was computed using the actual plate thickness but 
subtracting 13/16 inch diameter holes rather than the 7/8 inch oversize 
holes. The shear area assumed was calculated using nominal bolt diameter. 
the outside plateso It was measured at the first row of fasteners in the 
center plate} and may include both elastic and plastic deformations as 
viTell as any slipping of the plates 0 
6. Bolt Calibration 
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Bolt tension in the fatigue specimens was determined by means of 
bolt elongation. Six bolts (four 3/4 in. bolts and two 5/8 in. bolts) 
similar to those used in the fatigue specimens and having the same grip 
were tightened in a Skidmore-Wilhelm Calibrator and their elongations were 
measured at various increments of load. Also recorded at each increment 
of load was the amount that the nut had been turned during the tightening 
operation. This information made possible the construction of average 
load-elongation curves and average load-turns curves as shown in Figs .. 3 
and 4 respectively. The load or tension in the specimen bolts was then 
assumed to be equal to the load in the calibration bolts at an elongation 
equal to the elongation in the specimen bolts" 
7" Fati,gue Tests 
After the specimens were inserted in the fatigue machines, slip 
dials were mounted and slip and elongation readings were talcen at approxi-
mately 3 initial increments of static load.. When approximately 15 l<"..ips 
(about 5 ksi on the net section) had been applied to a specimen, the end 
bolts in the machine pull heads were tightened. This procedure red~ced 
to a minimum the initial eccentricity of load applied to the joint. 
Manual loading continued until the specimen had been subjected 
to two complete cycles during which load, slip and elongation readings 
were taken Q After the manual. ~cyclingJ the machine was started. At 
frequent intervals) the machine was stopped and the specimen load was 
checked. At each check) slip and bolt elongation readings were recorded) 
and the load was reset if necessaryo 
III. RESULTS AND ANALYSIS OF FATIGUE TESTS 
80 Results of Tests 
7 
As indicated in Table 2) the fatigue specimens were tested at 
nominal stress levels of either 0 to +30 ksi (or slightly less) or ~ 20 
ksi~ The fatigue lives of these specimens at either stress level were 
approximately two million cycles or more. Fatigue failure occurred in 
only four specimens, considering that the tests of Specimens D2 and D3 
were discontinued because of excessive heat and poundingo The four 
failures occurred in the series B, C, and D specimens (having minimum bolt 
tension), and only two of these failures initiated at slightly less than 
two million applications of load .. 
The failures in Specimen BI- and likewise Specimen CI appear to 
have started on an inside face of an outer plate and not at the depressions 
caused by the bolt heads (see Fig .. 5). The appearance of the fractures 
suggested that fretting rather than the bolt head depressions or other 
stress concentrations at the holes initiated the failures. Figure 5 also 
represents a typical fatj..,gue failure, and indicates the type of seating 
action that occurred under the bolt head.. This seating action and the 
galling that occurred under the nut are further illustrated in Figs. 6a 
and 6b respectively. It is of interest to note that Specimen BI also 
exhibited two distinct but small slips and then further gradual slip 
during the first cycle of loading, as indicated in Fige 7# In tD~S same 
figure is shown a more typical slip pattern--one large slip (which might 
be followed by a minor slip). Of course, under dead loading both of these 
curves might have shapes different from those shown here .. 
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The failure in Specimen Dl occurred in both an outside plate and 
the center plate at their respective critical sections but may have been 
influenced by frettingo Although Specimen Dl slipped into bearing during 
the first loading cycle, it did not continue to slip greatly when subjected 
to additional cycles of loading 0 
The tests of Specimens D2 and D3 were discontinued because of 
the excessive slip and pounding that developed during the early part of 
the tests~ Examination of these specimens indicated the probable use of 
lubricating oil rather than water-soluble cutting oil during the drilling 
operation" Despite cleaning with a solvent" the mill scale or rusted 
contact surfaces may have had some residual lubrication 0 
Because of the difficul.ty 
and D3J it was decided to gradually increase the stress on the nominal net 
sections of Specimens D4 and D5 from ~ 16 ksi to + 2000 k$io (See Table 2) 
Failure occurred only in Specimen D50 The fracture initiated in an out-
side plate slightly below the critical sectiony at a point which suggested 
frettlng between the edge of the bolt head and the outside plateo This 
unusual failure can be seen in Figo 80 In Figo 8ay the extent and shape 
of the fatigue crack is ShoWlloTheprobable locati:onsof the fretting 
failure initiation points have been marked by arrows in Figo 8bo Once 
agaln t;he connection withstood more than 2,OOOJOOO cycles of reversal 
stresses well above current design levels before failing 0 
90 Analysis of Test Results 
In examining the results of this fatigue test program., it is 
interesting to compare these results with those of other similar tests 
conducted at the University of Illinois and Northwestern University and 
summarized in Table 30 The zero-to-tension tests as well as the full 
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reversal tests of this and the other programs compare very favorably as 
far as specimen life is concerned for specimens tightened by the turn-of-
the-nut method and those employing minimum bolt tensiono The specimens in 
all programs had lives of approximately two million cycles or more6 
Specimen Cl, unique because of its proportioning to give a larger 
tensile area than shear area, can be compared with the performance of 
Spectmen 6 listed in Table 3. It can be seen that for a stress range of 
° to +30 ksi) the fatigue lives of both specimens were essentially the 
same, even though Specimen 6 was designed with a tension-to-shear ratio 
of 100 to 0.90. It can also be seen that these higher shear stresses do 
not materially affect fatigue life under zero-to-tension loadings if high 
clamping forces exist in the bolts. This is tr~e despite the greater 
probability of slip at the high shear ~tresseso 
Although the full reversal tests of Specimens D2 and D3 were 
discontinued) it is interesting to note that their behavior was similar to 
that of Specimen C3-l (see Table 3) which was also tested in full reversal. 
The fatigue life of this specimen, which was tightened to only 80 per cent 
( ) . 
of the minimum bolt tension required by the specifications, \2 was well 
below 2,000,000 cycles. This low fatigue life, although partly a result 
of the low, clamping force in the bolts) can be directly attributed to the 
presence of oil on the faying surfaces of that joint. 
The results of the investigation reported herein are presented 
also in the form of a Modified Goodman Diagram in Fig. 9. It should be 
noted that this diagram is based on the results of zero-to-tension and 
full reversal tests only, with the static strength defined by one test 
specimen. In addition the diagram was constructed on the basis of nominal 
specimen stress and a fatigue life of 2,000,000 cycles. In most cases the 
specimen life at a corresponding stress level was greater than 2)000,000 
10 
cycles. In comparing, the test results with current design specifications" 
it can be seen tha~ the specimens exhibited a fatigue life of 2,000,000 
cycles or more at stresses approximately two-thirds greater than those 
permitted by the specifications 0 
Figure 9 also serves to indicate a comparison bet1>leen bolted and 
riveted joints. The riveted joints had normal clamping and a tension-to-
shear-to-bearing ratio of 1:0075:2.36. The test results of the bolted 
joints were well above corresponding test results of the riveted joints) 
thereby indicating a distinct advantage} as far as fatigue strength is 
concerned, in the use of high-strength bolts in joints subjected to cyclic 
loading. 
Clamping Force 
In order to obtain an indication of the clampi.ng force in the 
bolts of the fatigue specimens, the elongation of each bolt of all the 
specimens was measured. This elongation measurement made it possible to 
estimate the load in the bolts from the load-elongation curve for similar 
bolts" The initial bolt load obtained from these measurements has been 
indicated in Colo 4 of Table 20 
During the tests, measurements were made of the change in bolt 
length by means of an extensometero After completion of the tests) 
measurements were again made of the change in lengGh of the bolts as they 
1'lere untightened. With this ini'ormation the tension in the bolts during 
the tests and at the end of the tests could be estimated~ Figure 10, gives 
a graphical representation of the average loss in bolt tension during the 
fatigue tests" The loss in bolt tension, for fati.gue ,specimens that did 
no\ fail was on the order of 15 per cent, the major portion of which 
occurred during the first few cycles of loadingo This behavior agrees 
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well with the results of other studies.(l,7,ll) Approximately 3-4 per cent 
loss in bolt load may be attributed(l,ll) to plastic flow in the bolts and 
plate materials caused by the high bolt tensiono Much of the additional 
loss in bolt load appears to be attributable to the application of static 
loading and any slipping which may have occurred.(ll) This loss in load 
appears to be proportional to the applied stress.(ll) It should be noted 
tha~ all of the fatigue specimens except Al, D4 and D5 slipped into bearing 
during the first loading cycle. Bolt tensions at the critical sections 
which failed in fatigue were found to be reduced considerably in the first 
few cycles of loading and to be about half the initial bolt load when 
failure occurred. 
The bolt clamping force in Specimens 5) 6, 7 and 8 of Table 3 
was approximately 33,000 Ibs. before the fatigue test~ and had decreased 
approximately 24 per cent by the end of the testso(l) These joints were 
also assembled without washers. 
In the study by Baron and Larson(7) the bolt clamping force in 
the specimens (1 3/16 in. grip) varied from 20,000 to 40,000 Ibs. before 
the tests and had decreased approximately 27 per cent by the end of the 
tests. These specimens were assembled with washers under the nuts and 
under the bolt heads and the bolts were tightened to a predetermined 
torque. The tension-to-shear ratio was 1.0 to 0.75. In most cases Baron's 
specimens slipped into bearing during the first loading cycle, alsoo 
Thus, the loss in bolt load during testing for fatigue specimens 
without hardened washers was found to be comparable to the loss in bolt 
tension measured when the joints were assembled with washers. 
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Nominal Coefficient of Friction 
The nominal coefficient of friction between the specimen plates 
is a significant factor in slip behavior since it, along with clamping 
force, determines whether the joint vlill slip or behave as a friction 
joint. The value of the nominal coefficient of friction for each test 
specimen is given in Table 2. These values are based on load-slip readings 
taken on each specimen during the first cycle of loading in a fashi.on similar 
to that indicated in Fig. 70 The nominal coefficient of friction vlas computed 
on the basis of the specimen load on the nominal net tensile area regui.red to 
overcome the bolt clamping force as determined from bolt elongation measure-
ments. 
The tabulated values of the nominal coefficient of friction 
appear to be slightly lower than those reported in Reference (1)0 This is 
probably due to the slight amount of cutting oil lubrication remaining on 
the mill scale and rusted contact surfaces, as a result of the hole-drill-
ing operation, that could not be removed by cleaning with a solvent. The 
10,\.]' values of the nominal coefficient of fricti.on developed in Specimens 
D2 and D3y vlhich were drilled 'wi th lubricating oil rather than water-soluble 
cutting oil, tend to confirm this observation. 
IV" CONCLUSIONS 
On the basis of the tests reported herein, the folloVTing conclu-
sions may be drawn regarding the fatigue behavior of shear-type bolted 
joints assembled without washers~ 
10 There was no significant reduction in the fatigue lives 
of bolted joints as a result of omitting the washers 
from the bolt assemblies, provided tlie fasteners vlere 
tightened to at least the currently specified minimum 
bolt tensions. Although there was some galling of the 
plates when nuts were turned directly against them, this 
galling did not have a noticeable effect on the fatigue 
liv'es of the joints" 
2. The major portion of the loss in bolt tension during the 
fatigue life of a specimen tends to occur in the first 
few cycles of loadingo This loss in bolt tension appears 
to be similar whether hardened washers are used or 
omitted. 
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It should be noted that these conclusions are based on~ joints 
that slipped into bearing) as well as those that did not; on joints with 
extremely severe combinations of hole size and fastener head and nut size; 
and in many cases on joints assembled with minimum allowable clamping in 
the high-strength bolts. 
14 
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TABLE l--RESULTS OF CONTROL TESTS ON HIGH-STRENGTH BOLTS 
Length, Grip, Harmless 
in" ina R c 
Ultimate 
Strength, 
Ibo 
3/4 in. Regular Semi.finished Hex Head Bolts 
2 1/1+ 1 1/2 29 45,100 
2 1/1+ 1 1/2 30 45,600 
2 1/1+ 1 1/2 30 45,100 
5/8 ina Regular Semi.fini.shed Hex Head Bolts 
2 1/1+ 1 1/2 31 32}100 
2 lilt 1 1/2 34 36,000 
2 1/1t 1 1/2 32 32,600 
3/4 in .. Finished Series Hex Nuts 
26 
5/8 in. HeayY Bemifinished Hex Nuts 
84 * 
82 * 
81 * 
Mino Tensile Strength 
Reqtd by Specification, 
lb. 
40,100 
40,100 
40,,100 
27,100 
27,100 
27,100 
* Rockwell B scale 
TABLE 2--RESULTS OF FATIGUE TESTS 
( 1) ( 2) ( 3) ( 4) ( 5) ( 6) ( 7) 
Spec. Stress Cycle Applied Avg .. Initial Net Tensile Area, T:S Ratio Nom" Stress 
Net Section Stress, ksi Cycles Bolt Tension, Sq. in. at 1st cycle 
Nominal Actual kips Nom .. Actual Nom. Actual slip, ksi 
o to +28.8 o to +29.8 + 34.8 2 .. 84 2.74 1:0.80 Al 2,435,400 1:0.77 --
A2 o to +28.6 o to +29.6 2,110,100+ 36 .. 5 2 .. 86 2.75 1:0.80 1:0 .. 78 25·5 
A3 o to +28.2 o to +2902 2,657,600+ 33.2 2.89 2.79 1:0.82 1:0.79 26.9 
1,883,100(1) 29.4 2.88 2.78 1:0.81 1:0.78 
15.7\a) 
Bl o to +30.0 o to +31.1 19·9(b) 
B2 o to +30 .. 0 o to +31 .. 1 2,067,,200+ 29.3 2.87 2.77 1:0.81 1:0.78 20·9 
B3 o to +30.0 o to +31.1 2,455,700+ 29.2 2.87 2.77 1:0.81 1:0.78 18.6 
Cl o to +3000 o to +30.0 2 J 390, 500 ( 1 ) 28.7 3.07 3.07 1:1 .. 25 1:1.25 14.8 
Dl + 20.0 + 20.8 1,860, 2ootl 28.4 2.83 2.73 1:0.80 1:0.77 18.4 D2 + 2000 :; 20 .. 8 20,800 § 28.4 2087 2.77 1:0.81 1:0 .. 78 8.1 
D3 :; 18.0 :; 18.7 10,000 (4) 28.4 2.85 2.75 1:0 .. 80 1:0.78 14 .. 4 
D4 + 20.0 "+ 20.8 2, 1 78,; 000 ( ) 29·0 2.84 2.74 1:0.80 1:0 .. 77 --
D5 + 20.0 "+ 20,,8 2,267,000 5 28.4 2 .. 82 2.72 1:0 .. 80 1:0.77 --
~ , , - .. . -
,... 
-p g 
+ Indicates no failure * Indicates no slip (a) Minor slip (b) Major slip 
Failure in outside plate (bolt-head side) at critical section. Fractur~ started at inside faying area--
possibly a result of frettingu 
(8) 
Nom. Coeff. 
of Friction 
based on.lst 
cycle slip 
(0.29*) 
0 .. 25·· 
0.28 
0,,19\a) 
0 .. 24(b) 
0.26 ' .. 
0.23 
0.20 
0.23 
0.10 
0.18 
(0.25*) 
(0. 25-lf) 
(1) 
( 2) 
( 3) 
( 4) 
Failure in outside and center plates at critical sections. Fracture in outside plate (nut side) appeared 
to initiate at faying surface; center plate fractUre (bolt-head side) possibly a result of fretting. 
( 5) 
Test stopped because of excessive slip, pounding and high temperature (see text). 
Specimen stress increased from + 16 ksi to + 20 ksi after 253,000 cycles. Thus total specimen life was 
2,431,000 cycles without failure. 
Specimen stress increased from + 16 ksi to + 20 ksi after 11,100 cycles. Thus total specimen life was 
2,278,100 cycles. Failure occurred in outside plate (bolt-b.ead side) slightly beyond critical section" 
Fracture appeared to initiate by fretting between edge of bolt head and plate. 
TABLE 3 - RESULTS OF PREVIOUS FATIGUE TESTS 
(1) (2) (~) (4) (,) (fi) (7) (8) (9) 
Spec. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
H-l 
H-2 
H-3 
H-4 
Fastener Type 
Heavy Head Bolt, 3/4" 
Heavy Nut with Washer 
Heavy Head Bolt, 3/4" 
Heavy Nut with no Washer 
Heavy Heat Bolt, 3/4" 
Flanged Nut 
Heavy Head Bolt, 3/4" 
Heavy Nut-Thin with no Washer 
Heavy Head Bolt, 3/4" 
Heavy Nut with no Washer 
Heavy Head Bolt, 3/4" 
Heavy Nut with no Washer 
Regular Head Bolt, 3/4" 
Heavy Nut with no Washer 
Heavy Head Bolt, 3/4" 
Heavy Nut with no 1-lasher 
Regular Head Bolt, 1" 
Heavy Nut with no "Iasher 
Regular Head Bolt, 3/4" 
with Washer 
Heavy Nut with vlasher 
Regular Head Bolt, 3/4", 
with Washer 
Heavy Nut with Washer 
Regular Head Bolt, 3/4", 
with "!.jasher 
Heavy Nut with Hasher 
Regular Head Bolt, 3/4", 
with vlasher 
Heavy Nut with Washer 
Hardness 
Bolt Nut 
RC ~ 
24 
90-92 
24 
90-92 
24 
90 
24 
92-95 
24 
90-92 
24 
90-92 
32 
90-92 
24 
90-92 
24 B8 
Stress Cycle 
Net Section Stress, 
ksi 
Applied 
Cycles 
Method of 
Tightening 
1960 Tests(l)* 
° to +30 
o to +30 
° to +30 
° to +30 
° to +30 
° to +30 
° to +30 
° to +30 
o to +30 
~O 
o to +30 
o to +30 
~O 
1 2,376,300+ 5,000# + 2 T** 
2,965,900+ 5,000# + ~ T 
2,692,900+ 5,000# + ~ T 
6,300,000+ 5,000# + ~ T 
2,257,900+ Bolt Tension = 
29,000# 
2,416,900+ 5,000# + ~ T 
1 3,073,900+ 5,000# +2 T 
5,148,600+ 5,()00# + ~ T 
4,892,400+ 10,0'JO# + ~ T 
1957 Tests(9) 
1,802, 400 Bolt Tension = 
29,0001/ 
454, 500 Bolt Tension = 
29,000# 
3,144,000+ Bolt Tension = 
29,oo01f 
3,026,600+ Bolt Tension = 
29,000# 
Critical 
Plate 
Remarks 
Center T:S = 1.0:0.75 
Center T:S = 1.0:0.75 
Center T:S = 1.0:0.75 
Center After completion of first 2,500,000 
cycles test was discontinued. Two 
months later test was resumed and 
continued until specimen failed in 
grips of machine. T:S = 1.0:0.75 
Center During first cycle, specimen slipped 
into bearing when net stress was 
apprOximately 29,000 psi. T:S = 1.0:0.75 
Outside Failed in outside plate on bolt head 
side. During first cycle specimen 
experienced large slip at 27,000 psi. 
T:S = 1.0:0.90 
Outside Hole - 7/8 in. in dia. Slipped during 
first cycle at 26,200 psi. T:S = 1.0:0.75 
Outside Slipped during first cycle at 24,000 psi. 
Specimen bolts were tightened by turning 
nuts on 2 bolts and bolt heads on the 
other 2 bolts. T:S = 1.0:0.7'5 
Outside Slipped during first cyc:J..e at 24,800 psi. 
Center 
Center 
Center 
Center 
Specimen bolts were tightened by turning 
nuts on 2 bolts and bolt heads on the 
other 2 bolts. T:S = 1.0:0.75. 
Failed in outer plates at 1,012,200 cycles. 
Nevrplatea used to continue tests. Failed 
in center ~late at 1,802,400 cycles 
T:S = 1.0:0.75 
T:S = 1.0:0.75 
T:S = 1.0:0.75 
T:S = 1.0 :0. 75 
TABLE 3 (Cont'd) 
(1) (2) (5) (6) ~ (7) _______ (aL~____ (9) 
Spec. 
C3-1 
C3-2 
C3-3 
BOS-1 
BOS-3 
Bos-4 
BOS-7 
K(A7)-1 
K(A7)-2 
K(A7)-3 
K(A7)-4 
K(A7)-5 
K(A7)-6 
Fastener Type 
Regular Head Bolt, 3/4", 
with Washer 
Heavy Nut with Washer 
Regular Head Bolt, 3/4", 
with Washer 
Heavy Nut with Hasher 
Regular Head Bolt, 3/4", 
,~i th Washer 
Heavy Nut with Washer 
Regular Head Bolt, 7/8", 
with Washer 
Heavy Nut with Hasher 
Regular Head Bolt, 7/8", 
wi th "Iasher 
Heavy Nut with Washer 
Regular Head Bolt, 7/8", 
with Washer 
Heavy Nut with Hasher 
Regular Head Bolt, 7/8", 
with Washer 
Heavy Nut with "lasher 
Regular Head Bolt, 3/4", 
with Washer 
Heavy Nut with Washer 
Regular Head Bolt, 3/4", 
with Washer 
Heavy Nut with Ifasher 
Regular Head Bolt, 3/4", 
wi th '4asher 
Heavy Nut \dth I'lasher 
+ Specimen did not fail. 
Stress Cycle 
Net Section Stress, 
ksi 
Applied 
Cycles 
1254 Tests(8) 
2:18 517,400 
2:18 2,108,800 
2:18 1,998,200 
1953 Tests( 3) 
2:22 .8 1,206,000 
2:20 4,405,000 
2"20 2,083,000+ 
o to +30 1,973,000+ 
Method of 
Tightening 
Bolt Tension = 
23,70dl 
Bolt Tension = 
25,100# 
Bolt Tension = 
25,500# 
Bolt Tension = 
56,500iif 
Bolt Tension = 
56,50011 
Bolt Tension = 
56,500# 
Bolt Tension = 
56,500# 
Northwestern University Tests(lO) 
o to +37.5 3'32,000 Bolt Tension = 
312,000 26,500/1 
225,000 
o to +35 1,3R7,000 Bolt Tension = 
1,2 4,000 26,500/1 
o to 30 3,000,000+ Bolt Tension = 
26,50ol,b 
* Numbers in parentheses indicate references from 'which test results were obtained. 
Critical 
Plate 
Center 
Center 
Center 
Center 
Center 
Center 
Center 
Center 
Center 
Center 
Remarks 
Specimen slipped excessively. After 
failure, oil was found between plates. 
T:S = 1.0:0.75 
Failed. T:S = 1.0:0.75 
Failed. T:S = 1.0:0.75 
Failed in center plate at critical section 
T:S = 1.0:0.75 
Failed in center plate at critical section 
T:S = 1.0:0.75 
T:S = 1.0:0.75 
T:S = 1.0:0.75 
All specimens failed. T:S 1.0:0.75 
All specimens failed. T:S = 1.0:0.75 
T:S= 1.0:0.75 
** 5,000# bolt tension is developed by use of torque-tension relationship; nut is then given an additional 1/2 turn. 
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FIG .. 1 DETAILS OF TEST SPECIMENS 
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FIG. 2 INSTRUMENTATION USED ON FATIGUE SPECIMENS 
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FIG.. 3 LOAD-ELONGATION BEHAVIOR OF BOLTS 
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FIG. 4 AVERAGE LOAD-TURNS REk~TIONSHIP FOR 5/8 AND 3/4 INCH DIAMETER FASTENERS 
(a) Location of Fatigue Crack in Specimen Bl 
(b) Close-up of Fatigue Crack in Specimen Bl (Note bolt he8~ depression) 
FIG. 5 TYPICAL FATIGUE FAILURE 
(a) Plate Depression Under Bolt Head 
(b) Plate Galling as a Besu]. t of Turning Nut 
FIG. 6 PIAr:rE DEFOffitIATIONS OCCURRING WHEN WASHERS ARE OMITTED 
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FIG", 7 ~lr:SECT:rON QT.Rr::SS VS. AVF;H&GE 8LI~P F;OR'J;'AT.IGVE SPECIMENS 
(a.) General View of Outs ide Pla.te Showing Eo1 t Head 
Depressions and Extent of Fatigue Crack. 
(b) Close-up of Fatigue Crack Surface. 
FIG G 8 VIEWS OF FATIGUE FAILURE OF SPEClMEN D5 
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FIG. 9 MODIFIED GOODMAN DIAGRAM FOR 2,000,000 CYCLES 
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FIG. 10 AVERAGE LOSS IN BOLT TENSION VS. APPLIED CYCLES 
